Percutaneous electrical vestibular stimulation evokes reflexive responses in appendicular muscles that are suppressed during tasks in which the muscles are not contributing to balance control. In neck muscles, which stabilize the head on the torso and in space, it is unclear whether similar postural task dependence shapes vestibular reflexes. We investigated whether vestibulocollic reflexes are modulated during tasks in which vestibular information is not directly relevant to maintaining the head balanced on the torso. We hypothesized that vestibulocollic reflexes would be 1) evoked when neck muscles are not involved in balancing the head on the torso and 2) invariant across synergistic neck muscle contraction tasks. Muscle activity was recorded bilaterally in sternocleidomastoid and splenius capitis muscles during head-free and head-fixed conditions while subjects were exposed to stochastic electrical vestibular stimulation (Ϯ5 mA, 0 -75 Hz). Significant vestibular reflex responses (P Ͻ 0.05) were observed during head-free and head-fixed trials. Response magnitude and timing were similar between head-free and head-fixed trials for sternocleidomastoid, but splenius capitis magnitudes decreased with the head fixed by ϳ25% (P Ͻ 0.05). Nevertheless, this indicates that vestibulocollic responses are evoked independent of the requirement to maintain postural control of the head on the torso. Response magnitude and timing were similar across focal muscle contractions (i.e., axial rotation/flexion/extension) provided the muscle was active. In contrast, when subjects cocontracted neck muscles, vestibular-evoked responses decreased in sternocleidomastoid by ϳ30 -45% (P Ͻ 0.05) compared with focal muscle contractions but remained unchanged in splenius capitis. These results indicate robust vestibulocollic reflex coupling, which we suggest functions through its closed-loop influence on head posture to ensure cervical spine stabilization. neck postural control; reflex modulation; muscle synergy; neck muscle cocontraction; isometric contraction WHETHER WE ARE ENGAGED in a task of balance, gaze stabilization, or locomotion, vestibular information is crucial to human movement control. The vestibular contribution to movement can be probed with electrical vestibular stimulation (Fitzpatrick and Day 2004), a technique that modulates the firing rates of vestibular afferents (Goldberg et al. 1984; Kim and Curthoys 2004) . Electrical vestibular stimulation elicits ocular, head, and whole body movements through vestibular reflexes projecting to motoneurons controlling the eye, axial, and appendicular musculature (Ali et al.
WHETHER WE ARE ENGAGED in a task of balance, gaze stabilization, or locomotion, vestibular information is crucial to human movement control. The vestibular contribution to movement can be probed with electrical vestibular stimulation (Fitzpatrick and Day 2004) , a technique that modulates the firing rates of vestibular afferents (Goldberg et al. 1984; Kim and Curthoys 2004) . Electrical vestibular stimulation elicits ocular, head, and whole body movements through vestibular reflexes projecting to motoneurons controlling the eye, axial, and appendicular musculature (Ali et al. 2003; Aw et al. 2006; Britton et al. 1993; Fitzpatrick et al. 1996; Forbes et al. 2013; Lund and Broberg 1983; Nashner and Wolfson 1974; . In lower limb muscles, vestibular reflexes are dependent on the postural task and contribute to balance only when vestibular information is relevant to postural control (Fitzpatrick et al. 1994) . For example, vestibular reflexes are absent when upright subjects are supported by a rigid beam and balancing a mechanical-body-equivalent inverted pendulum using only their ankles (Fitzpatrick et al. 1994) . In contrast to lower limb muscles, vestibuloocular reflexes (VORs) are not affected by the postural relevance of vestibular information. Stereotypical VOR responses are elicited by electrical stimuli when the head is restrained in both supine (Aw et al. 2006 ) and seated (MacDougall et al. 2003; postures. Because the VOR stabilizes the visual image on the retina in both balancing and nonbalancing conditions, a posture-independent VOR makes sense. Reflexive eye movements are even elicited in complete darkness, where the VOR is no longer functionally relevant (MacDougall et al. 2003; . Thus, in humans, the postural task dependence of vestibular reflexes is not a universal feature for all muscles throughout the body. This raises the question of whether postural task dependence is present for the vestibulocollic reflexes (VCRs).
Neck muscles, depending on the task at hand, can be considered as part of the postural or gaze control system. Neck muscles maintain the upright orientation of the head over the torso. Therefore, VCRs may be present only when vestibular information is relevant for the postural control of the head on the torso. Neck muscles also function synergistically with extraocular muscles during large gaze shifts involving eye and head movements (see Guitton 1992 and Guitton et al. 2003 for reviews). Therefore, neck muscles exhibit short reflex latencies to vestibular stimuli, similar to those observed in the extraocular musculature [VCR: 8 -10 ms (Rosengren et al. 2010; ; VOR: 5-10 ms (see Cullen and Roy 2004 for review)] . If the neck muscles have a functional role closer to extraocular muscles than to postural muscles, VCR responses independent of the postural task may be expected. Partial support for this proposition can be found in the absence of VCR modulation by vision, external support, stance width (Welgampola and Colebatch 2001) , and posture . However, this evidence against postural task dependence in neck muscles is less compelling than the evidence for postural task dependence in appendicular muscles; subjects in each of these neck muscle studies held their head in an upright or elevated position that ensured vestibular information was still relevant to the postural control of the head on the torso. Here we are interested in evaluating sustained postural control tasks over a period of tens of seconds rather than active eye-head gaze shifts that can occur in under 200 ms, where in the latter task dependence (i.e., active vs. passive movements) is known to affect the VOR (see Cullen and Roy 2004 for review) and hypothesized to influence the VCR (Ezure and Sasaki 1978; Goldberg and Cullen 2011; Cullen 2001, 2004) . Thus our goal was to investigate the postural task dependence of the VCR during conditions in which vestibular information was both relevant and not relevant to stabilizing the head on the torso. We hypothesized that similar to extraocular muscles, electrically evoked VCR responses would be present when the head and torso are restrained, i.e., when the neck muscles are not involved in balancing the head on the torso. To assess this hypothesis, we provide a nonpostural task comparable to that used to study responses in lower limb muscles, where vestibular reflexes are suppressed when subjects contract leg muscles while seated (Britton et al. 1993; Fitzpatrick et al. 1994) .
If, as we hypothesize, the VCR remains intact despite head restraint, we then questioned whether the electrically evoked VCR is dependent on the descending motor command or simply dependent upon the neck muscle being active. Unlike lower limb muscles, neck muscles are not fixed in their agonist-antagonist relationships. For instance, bilateral neck muscles [e.g., sternocleidomastoid (SCM)] that are agonists during flexion are antagonists during axial rotation. To achieve this flexibility, vestibulospinal and reticulospinal neurons innervate multiple neck muscles to generate functional muscle synergies (Sugiuchi et al. 2004 ). This flexible control of the neck musculature does not lend itself well to fixed reciprocal inhibitory influences on the VCR. Therefore, we hypothesized that electrically evoked VCR responses would be present when a neck muscle is active but would not be modulated with the concurrent activation of other neck muscles (agonists-antagonists). To assess this hypothesis, we compared reflex responses in neck muscles while they were active with different combinations of agonist and antagonist neck muscles (e.g., flexion, extension, and axial rotation), as well as cocontraction of all neck muscles.
METHODS
Subjects. Eight healthy subjects [7 men, 1 woman; age 24 -48 yr, mass 76 Ϯ 12 kg, height 1.76 Ϯ 0.10 m (mean Ϯ SD)] with no self-reported history of neurological disorders or injuries participated in these experiments. The experimental protocol was explained prior to the experiment, and all subjects gave written informed consent. The experiment conformed to the Declaration of Helsinki and was approved by the University of British Columbia's Clinical Research Ethics Board.
Vestibular stimuli. Vestibular stimulation was applied to the subjects with carbon rubber electrodes (ϳ9 cm 2 ) in a binaural bipolar arrangement. The electrodes were coated with Spectra 360 electrode gel (Parker Laboratories, Fairfield, NJ) and secured over the subject's mastoid processes with an elastic headband. The stimulus was delivered as an analog signal via a data acquisition board (PXI-6289, National Instruments, Austin, TX) to an isolated constant-current stimulator (STMISOL, Biopac, Goleta, CA). All subjects were exposed to the same realization of the stimulus: a 60-s filtered white noise stochastic vestibular stimulation (SVS) having a bandwidth of 0 -75 Hz and a root-mean-square (RMS) current of 1.41 mA (amplitude peak Ϯ5 mA) (Forbes et al. 2013) . The signal was generated off-line with MATLAB (MathWorks, Natick, MA).
Instrumentation. Intramuscular electromyography (EMG) was recorded bilaterally in the SCM and splenius capitis (SPL) with indwelling electrodes. Pairs of 0.05-mm wires (Stablohm 800A, California Fine Wire, Grover Beach, CA) were inserted under ultrasound guidance (Blouin et al. 2007 ) (Micromaxx, Sonosite, Bothell, WA). One of the two wires of each electrode had 2-3 mm of exposed wire to allow the recording of multiunit EMG potentials. Each wire was placed near the center of its muscle's horizontal cross section. In the SCM muscles, the wire always remained superficial to the readily identifiable cleidomastoid subvolume (Kamibayashi and Richmond 1998) . All EMG signals were amplified (ϫ200; NeuroLog, Digitimer, Welwyn Garden City, UK) and band-pass filtered (0.05-1,000 Hz) before digitization. Isometric neck forces and moments were measured with a six-axis load cell (JR3 E-Series, JR3, Woodland, CA). EMG, forces, moments, and vestibular stimuli data were digitized and recorded at 2,000 Hz via a digital acquisition board (PXI-4495, National Instruments) using a custom LabVIEW software program (National Instruments).
Protocol. Subjects were seated with their eyes closed throughout all experiments and performed neck muscle contraction tasks in a headfree or -fixed (i.e., isometric) condition. Subjects had their torso firmly strapped to a rigid vertical seatback for all trials, ensuring that stabilization of the head was always maintained relative to a stationary torso. During head-fixed conditions subjects had their head firmly clamped to the overhead load cell via a helmet (Pro-tec, Vans, Cypress, CA). The experiment was divided into six blocks: two blocks to examine the effects of the postural control task and four blocks to examine the effects of descending motor command (see Fig. 1 ). Each block comprised four 60-s trials, where the first two trials were without stimulation and the next two trials were with SVS stimulation. The presentation order of trials with and without stimulation was not randomized because the trials without stimulation were required to define the target force or moment for the stimulation trials (see below).
Subjects first performed a head-free task (block 1a in Fig. 1 ), in which they were instructed to rotate their head 60°to the left to activate the right (r-)SCM and left (l-)SPL muscles and extend their head and neck to orient the Reid's plane 18°up from horizontal. This head position maximizes the perception of head roll during electrical vestibular stimulation (Day and Fitzpatrick 2005; Fitzpatrick and Day 2004) . Head orientation was maintained throughout the trials with a headgear-mounted laser and verbal feedback from the experimenter. The head-free condition without stimulation was used to define the target muscle activity for all five head-fixed conditions. Target muscle activity was calculated as the RMS of the 50-Hz high-pass filtered (2nd-order Butterworth) EMG signals for each muscle separately over each trial and then averaged across the two nonstimulation trials.
To examine the effect of the postural control task on the VCR, subjects then performed a second block of trials (block 1b in Fig. 1 ) with the head fixed at the same orientation (60°left axial rotation, Reid's plane at 18°extension). Subjects were asked to generate a yaw moment to the left and were given verbal instructions throughout the trial to increase or decrease the moment to ensure that r-SCM muscle activity remained equivalent to the target muscle activity derived from the head-free yaw task. During trials without stimulation, the r-SCM EMG was processed in real time by first high-pass filtering (50 Hz), then calculating the RMS (20 ms window), and then low-pass filtering (1 Hz) the RMS EMG for presentation to the experimenter. During the equivalent condition with electrical vestibular stimulation, online EMG could not be used because of stimulus-induced artifact. Therefore, the mean yaw moment obtained from the two preceding trials without stimulation was used to calculate a target moment-defined as the mean moment across both trials-for the stimulation trials. During both trial types (with and without stimulation), horizontal forces were monitored and subjects were given verbal instructions throughout the experiments to maintain these close to zero.
To examine whether the VCR is similar across variations in the descending motor command, subjects performed four additional blocks: three blocks of isometric trials (blocks 2a-2c in Fig. 1 ) in which they contracted their neck muscles to generate a yaw moment, a flexion moment, and an extension moment (measured as anterior and posterior forces at the load cell location) and a fourth block (block 2d in Fig. 1 ) used for comparison in which subjects were instructed to cocontract all neck muscles while maintaining zero net forces and moments. The three arrangements of isometric contraction (yaw, flexion, and extension) were chosen to determine whether the agonistantagonist relationship of two contracting muscles influenced the vestibular reflex. The fourth cocontraction trial was chosen to examine whether muscle activity without a focal muscle contraction was sufficient to evoke the reflex response. In all trials within these four blocks, the head was fixed, facing forward, and oriented with Reid's plane at 18°. These four blocks were performed in a random order. During isometric muscle contractions (i.e., yaw, flexion, or extension; blocks 2a-2c) without stimulation, subjects applied forces/moments that generated the same RMS muscle activity observed during the head-free task (block 1a). Equivalent activity in the r-SCM muscle was used for the yaw and flexion tasks, whereas equivalent activity in the l-SPL muscle was used for the extension task. During the subsequent stimulation trials, subjects generated forces/moments equivalent to those of the preceding trials without stimulation. For blocks 2a-2c, subjects were instructed to minimize forces/moments along the other axes. During the cocontraction task (block 2d), subjects were instructed to contract all neck muscles while simultaneously generating r-SCM muscle activity equivalent to that of the head-free task and maintaining zero forces and moments. During the cocontraction task with stimulation, subjects were instructed to replicate to the best of their ability the contraction levels of the preceding trials without stimulation.
Signal and statistical analyses. EMG data were first high-pass filtered with a phaseless 8th-order Butterworth digital filter (Ϫ3 dB at 100 Hz) to remove the stimulation artifact (Forbes et al. 2013) . Repeated trials within each subject were concatenated to create 120-s data records and analyzed to examine the responses on a subject-bysubject basis. Data from all subjects were then concatenated to create a single pooled data set for each condition (960 s). Prior to the pooled concatenation, the filtered EMG of each trial was normalized by its vector norm to ensure equal contributions from all subjects to the pooled response. Both the individual and pooled EMG data were full-wave rectified.
To confirm that there was no difference in the level of muscle activity with and without stimulation and across all tasks, we evaluated the RMS of the filtered EMG using repeated-measures ANOVAs for the r-SCM and l-SPL separately (2 stimulation conditions ϫ 5 contraction tasks). For the r-SCM the five contraction tasks included all conditions except extension, and for the l-SPL the five contraction tasks included all conditions except flexion. An additional paired t-test was performed to confirm that similar muscle activity was achieved in bilateral muscle pairs during symmetrical contraction tasks (i.e., SCMs during flexion and SPLs during extension). To confirm that subjects generated neck muscle cocontraction during the cocontraction trials with stimulation, we calculated a cocontraction index (Forbes et al. 2011) to estimate the level of activity of measured muscles during trials with the head oriented forward (blocks 2a-2d). The four filtered EMG signals during stimulation trials were first normalized to the separate RMS obtained from the flexion trials without stimulation for SCM muscles and the extension trials without stimulation for SPL muscles. Flexion and extension conditions were used because they theoretically involve equivalent muscle activity of bilateral muscle pairs. The cocontraction index was then calculated as the mean of the normalized RMSs of the four muscles (Forbes et al. 2011) , where a value of 1 indicates effective neck muscle cocontraction and a value of 0 indicates inactivity of all muscles. We expected that the cocontraction index would be close to 0.5 during isometric muscle contractions (i.e., yaw, flexion, and extension) and close to 1 during muscle cocontraction. Differences between isometric muscle contractions and cocontraction trials were assessed with three paired t-tests.
Coherence and cumulant density estimates were calculated with the individual and pooled data to evaluate the correlation between the input SVS and output EMG (Dakin et al. 2007 (Dakin et al. , 2010 (Dakin et al. , 2011 . Coherence is used as a measure of the linear relationship between the two signals at the frequencies considered (Pintelon and Schoukens 2001) and is significant when exceeding the 95% confidence limit as derived from the number of disjoint segments (Halliday et al. 1995) . Coherence was estimated with concatenated data for each trial condition within each participant as well as concatenated pooled data for each trial across all subjects. Individual-subject coherence data were assessed to ensure that responses were exceeding significance and consistent with the pooled data. Cumulant density estimates provide a time-domain representation of the input-output relationship and are calculated by taking the inverse Fourier transform of the crossspectrum (Halliday et al. 1995 estimates were normalized by the product of the vector norms of the input and output to provide coefficients of correlation (r) ranging between Ϫ1 and ϩ1 (Dakin et al. 2010) , thus facilitating comparison between subjects. A normalized 95% confidence interval was calculated for individual-subject cumulant density estimates to indicate where responses were significant (Halliday et al. 1995) . By convention, anode right/cathode left currents represent a positive vestibular signal. Thus a positive cumulant density indicates that an anode right/cathode left current induced an excitation of the muscle activity and an anode left/cathode right current induced an inhibition. For statistical analysis of the cumulant density estimates, dependent variables were extracted from the responses with concatenated data from each subject, whereas cumulant density functions estimated with concatenated data across all subjects were used for illustrative purposes only.
Coherence and cumulant density were analyzed with a resolution of 4 Hz (0.25 s/segment). This resolution was chosen because we were interested in evaluating differences in coherence between conditions across the entire bandwidth (0 -75 Hz): at 4-Hz resolution the number of comparisons is reduced and identifies significant differences spanning broad frequency bandwidths rather than at individual frequencies (see below). Furthermore, coherence and cumulant density estimates improve with the number of segments used (individual subjects: 480 segments; pooled: 3,840 segments).
To evaluate the postural task dependence of the VCR, responses during the head-fixed trials were examined to determine whether the coherence and cumulant density estimates exceeded the 95% confidence interval for the r-SCM and l-SPL muscles. Significant differences between head-fixed and head-free trials for the pooled coherence were determined with difference of coherence (DoC) tests (Amjad et al. 1997 ) and for cumulant density responses with paired t-tests. These latter two tests were performed to determine whether the responses (coherence and cumulant density) we predicted to occur during head-fixed trials were different from head-free trials. The DoC test was applied on the Fisher transform (tanh Ϫ1 ) of the coherency (square root of the coherence) values and compared to a 2 -distribution with k Ϫ 1 degrees of freedom (k is the number of conditions included in the comparison; k ϭ 2). Cumulant density waveform shapes were muscle dependent, being triphasic for the SCM and biphasic for the SPL. Because the difference between the first two peaks (i.e., peak-to-peak amplitude) is commonly used to evaluate vestibular evoked myogenic potentials in SCM muscles with squarewave stimuli (Rosengren et al. 2010; , we limited our analysis to the peak-to-peak amplitude of the first two peaks for both the r-SCM and l-SPL muscles. To evaluate the effect of the different focal descending motor commands on the VCR, DoC tests of the pooled coherence and paired t-tests of the cumulant density peak-to-peak amplitude were also performed for the r-SCM (yaw vs. flexion) and l-SPL (yaw vs. extension) muscle responses. We also assessed whether simple activation of the muscle was sufficient to evoke a reflex response. Here we expected to see no reflex response in conditions where a muscle was not contributing to the contraction task (extension task for r-SCM and flexion task for l-SPL) and reflex responses in all muscles during the cocontraction task. A significance level of 0.05 was used for all analyses.
RESULTS
Patterns of neck muscle activity. All subjects exhibited muscle activation patterns (Fig. 2) that depended upon the direction of applied force. Left yaw moments-both head free and fixed-were generated by contralateral r-SCM and l-SPL activation, whereas horizontal flexion and extension forces were generated by bilateral SCM and SPL activation, respectively, and cocontraction was achieved by activating both SCM and SPL muscles bilaterally (Fig. 2) . Although we were unable to directly control for muscle contraction levels during stimulation trials, muscle activity (i.e., RMS of filtered EMG) did not vary between electrical stimulation conditions or between contraction tasks for r-SCM (stimulation: F 1,7 ϭ 0.0, P ϭ 0.908; contraction task: F 4,28 ϭ 0.8, P ϭ 0.418) and l-SPL (stimulation: F 1,7 ϭ 0.7, P ϭ 0.434; contraction task: F 4,28 ϭ 2.5, P ϭ 0.128) muscles. Thus electrical activity was similar during focal isometric tasks and the cocontraction task for both the r-SCM and l-SPL muscles. In addition, muscle activity in bilateral muscles was not significantly different in the SCM during flexion (t 7 ϭ 1.1, P ϭ 0.295) and the SPL during extension (t 7 ϭ 1.6, P ϭ 0.159).
The cocontraction index was higher for the cocontraction trials than for any of the isometric contraction trials [0.89 Ϯ 0.34 (cocontraction) vs. 0.60 Ϯ 0.16 (yaw), 0.59 Ϯ 0.13 (flexion) and 0.54 Ϯ 0.11 (extension); multiple t 7 Ͼ 2.6, P Ͻ 0.05]. In addition, subjects generated near-zero mean forces and moments during cocontraction trials {Ϫ0.2 Ϯ 6.0 N [force in x-direction (Fx)], 1.3 Ϯ 3.8 N [force in y-direction (Fy)], and Ϫ0.14 Ϯ 0.10 Nm [moment generated about z-axis (Mz)]}, which were one to two orders of magnitude below the mean forces and moments generated during the flexion, extension, and yaw trials [20.4 Ϯ 6.9 N (Fx-flexion), Ϫ62.8 Ϯ 22.1 N (Fx-extension), and Ϫ1.42 Ϯ 0.51 Nm (Mz-yaw)]. Although on average subjects did not perfectly cocontract all muscles to achieve a cocontraction index of 1, the increased cocontraction index compared with isometric muscle contractions in one direction, as well as the minimization of applied forces and moments, indicates that subjects effectively cocontracted their neck muscles.
Frequency response of the VCR. Single-subject and pooled coherence estimates between SVS and EMG indicated significant reflex responses for all muscles in conditions where muscle activity was present (see Fig. 3A and Fig. 4A ). The r-SCM exhibited significant coherence across the entire 0 -75 Hz bandwidth, with distinct peaks between 4 and 12 Hz and 48 and 56 Hz and a dip around 20 Hz. The l-SPL exhibited significant coherence primarily at low frequencies (4 -20 Hz), although sporadic coherence was detected at high frequencies in the pooled data. This latter observation was found to originate from some of the subjects (n ϭ 3) where coherence exceeded significance at high frequencies (see insets in Figs. 3A and 4A). These results are presented in more detail together with cumulant density responses in Polarity and latency of the VCR.
Polarity and latency of the VCR. The cumulant density profiles were similarly muscle dependent (see Figs. 3C and 4C). The r-SCM exhibited a triphasic response (positivenegative-positive) with peaks exceeding the confidence interval for all subjects and occurring at ϳ9.2 Ϯ 1.3, 20.1 Ϯ 2.1, and 29.0 Ϯ 2.6 ms when averaged across subjects (n ϭ 8) and conditions (n ϭ 5). The l-SPL muscle exhibited a longerlatency biphasic response with peaks at 34.7 Ϯ 4.4 and 75.8 Ϯ 8.2 ms when averaged across subjects (n ϭ 7; for 1 subject, the l-SPL waveform remained below the confidence interval for all conditions) and conditions (n ϭ 5). However, for some subjects (n ϭ 3), an additional short-latency biphasic waveform appeared in the l-SPL (see insets in Figs. 3C and 4C) with similar timing but opposing polarity to that of the first two peaks in the pooled r-SCM response [8.6 Ϯ 2.9 and 21.3 Ϯ 3.0 ms (l-SPL) vs. 9.2 Ϯ 1.3 and 20.1 Ϯ 2.1 ms (r-SCM)]. In each subject presenting this response, coherence was above significance in the high-frequency region (see insets in Figs. 3A and 4A). This high-frequency correlation was not as prominent in the pooled responses.
For both the SCM and SPL muscles, the polarity of the cumulant density response was unaffected by the contraction task being performed. Bilateral comparison of cumulant density responses, on the other hand, revealed inverted responses; right-sided muscles were initially facilitated and then inhibited, whereas left-sided muscles were initially inhibited and then facilitated. In conditions where bilateral pairs were active (i.e., flexion and extension), muscles demonstrated similar peak-topeak amplitudes [flexion: 0.069 Ϯ 0.028 (r-SCM) vs. 0.068 Ϯ 0.020 (l-SCM); extension: 0.025 Ϯ 0.006 (r-SPL) vs. 0.027 Ϯ 0.008 (l-SPL)] and peak latencies [flexion (1st, 2nd, 3rd): 9.4 Ϯ 1.2, 20.5 Ϯ 2.1, and 31.1 Ϯ 2.1 ms (r-SCM) vs. 9.5 Ϯ 1.3, 20.8 Ϯ 2.1, and 32.8 Ϯ 4.9 ms (l-SCM); extension (1st, 2nd): 35.8 Ϯ 4.3 and 64.7 Ϯ 6.3 ms (r-SPL) vs. 35.1 Ϯ 7.6 and 76 Ϯ 4.7 ms (l-SPL)]. These results indicate a mirrored bilateral response to the input stimulus.
Effect of postural task on the VCR. We compared the effects of restraining the head at an orientation of 60°to determine whether neck muscles need to be engaged in controlling the upright posture of the head on top of the torso to evoke VCRs. A clear response to the input stimulus was evoked when the head was fixed, as shown by individual subjects (SCM n ϭ 8, SPL n ϭ 7) and pooled coherence and cumulant density responses exceeding the confidence intervals for both muscles (Fig. 3) . Coherence was nearly equivalent across the head-free and -fixed conditions (Fig. 3A) , and the DoC test revealed significant effects of head restraint at only one frequency each in the r-SCM and l-SPL (Fig. 3B) . This was associated with no significant change in the cumulant density peak-to-peak amplitudes of SCM and a 25 Ϯ 19% decrease of l-SPL when the head was fixed (r-SCM: t 7 ϭ 1.7, P ϭ 0.14; l-SPL: t 6 ϭ 3.5, P ϭ 0.014; see Fig. 5 ). For the responses from the three subjects demonstrating a short-latency l-SPL cumulant density waveform, only the longer-latency biphasic waveform appeared to be affected by head fixation (see Fig. 3 , A and C, insets). Overall, these results indicate that vestibular reflexes remain present when the necessity to maintain the upright orientation of the head is eliminated (i.e., head fixed).
Effect of descending motor command on the VCR. As mentioned above, significant reflex responses were only detected Fig. 2 . Recorded data from a single subject: 0.5 s of filtered EMG and force collected during the different tasks with stimulation. Darker lines represent the muscles and loads (force and moments) related to the task performed. Fx and Fy are horizontal forces applied in the x (ϩve forward)-and y (ϩve rightward)-directions, respectively. Mz is the moment generated about the z-axis (ϩve down) during left yaw axial rotation tasks in fixed conditions. Head-free and -fixed conditions are represented as open and shaded heads, respectively. Accompanying arrows indicate the direction of load applied by the subject in fixed conditions. when a muscle was contributing to the isometric force/moment production task. Therefore, both coherence and cumulant density responses were below significance thresholds in all singlesubject and pooled estimates when the muscle was not active; reflex responses were absent in SCM muscles during extension and SPL muscles during flexion (Fig. 4, A and C) . In contrast, during the cocontraction task, where all muscles were active, reflex responses were observed in all muscles (Fig. 4, A and C) .
Having shown that vestibular input was not suppressed during head fixation, we assessed the effects of descending motor commands by comparing responses across directionspecific (yaw, flexion, and extension) and cocontraction tasks with the head facing forward. Comparing the direction-specific tasks, no significant difference between the two muscle-specific tasks was found for either the r-SCM (yaw vs. flexion) or the l-SPL (yaw vs. extension) in the DoC (Fig. 4, A and B) and cumulant density peak-to-peak amplitudes [r-SCM: 0.070 Ϯ 0.031 (yaw) vs. 0.069 Ϯ 0.029 (flexion); l-SPL: 0.028 Ϯ 0.009 (yaw) vs. 0.028 Ϯ 0.008 (extension)] (Figs. 4C and 5 ).
An unexpected outcome of the cocontraction task was the decrease in coherence relative to the focal isometric tasks (see Fig. 4A ). To examine this further, we performed additional DoC tests on the coherence and t-tests on the cumulant density to determine whether responses obtained during cocontraction in each muscle were significantly different from their respective focal direction tasks. In the pooled responses, the DoC test revealed that this was significant only in the r-SCM and not the l-SPL. Coherence decreased during cocontraction between 36 and 60 Hz (Fig. 4B) , with an average decrease of 49 Ϯ 12% and 45 Ϯ 6% relative to flexion and yaw, respectively. The decrease in pooled coherence during cocontraction was further confirmed in individual responses from seven of eight subjects. Comparisons of the cocontraction cumulant density peak-topeak amplitude against direction-specific tasks were also significant, but once again only for the r-SCM. During the cocontraction task, the amplitude decreased by 31 Ϯ 25% relative to yaw (t 7 ϭ 3.1, P ϭ 0.018) and 30 Ϯ 24% relative to flexion (t 7 ϭ 2.8, P ϭ 0.028; see Fig. 5 ).
For the responses from the three subjects demonstrating a short-latency l-SPL cumulant density waveform, similar decreases in high-frequency coherence and short-latency peakto-peak magnitude were observed during cocontraction (see Fig. 4, A and C, insets) . Because of the small number of subjects, this was not confirmed with a statistical test. Overall, these results indicate that activation of the muscle, regardless of contraction task, can evoke a reflex response, albeit the response was decreased in the r-SCM muscle during neck muscle cocontraction.
DISCUSSION
The first aim of this study was to determine whether VCRs are present only when vestibular information is relevant for the postural control of the head on the torso. Our results demonstrate that restraining the head, thereby eliminating the need to maintain upright postural control of the head on the torso, does not suppress vestibular evoked responses in the SCM and SPL muscles. Each muscle exhibited coupling with the input stimulus: the SCM responses were composed primarily of high frequencies, while the SPL responses were composed primarily 1a and 1b) . A: pooled (n ϭ 8, r-SCM; n ϭ 7, l-SPL) coherence plots. Pooled coherences (n ϭ 3) for l-SPL using data from 3 subjects are included as an inset to detail high-frequency coherence for these subjects. Horizontal dashed lines indicate 95% confidence limits. B: difference of coherence (DoC) test comparing free and fixed conditions. Horizontal dashed lines represent significance level for the 2 -distribution (P ϭ 0.05). C: pooled (n ϭ 8, r-SCM; n ϭ 7, l-SPL) cumulant density estimate showing a triphasic r-SCM and a biphasic l-SPL response. Pooled cumulant density estimates (n ϭ 3) for l-SPL using data from 3 subjects are included as an inset to detail the additional short-latency biphasic waveform for these subjects. Horizontal dashed lines represent 95% confidence interval. of low frequencies. The second aim of this study was to determine whether neck muscles needed to be active to exhibit a vestibular reflex and whether descending neck muscle contraction commands modify the magnitude of VCRs. We observed VCRs only in active muscles, and these reflexes were unaffected by the contraction task except during cocontraction, in which VCRs were suppressed but not extinguished relative to isometric focal contractions. Suppression occurred primarily at high frequencies (Ͼ30 Hz) and affected mainly the SCM. Overall, these findings indicate robust vestibular reflexes in the human neck muscles.
Head immobilization does not suppress vestibulo-motor pathways in neck muscles. In the present study, vestibular reflexes were not suppressed in neck muscles (i.e., VCR) when the head was restrained. This contrasts with findings in the appendicular muscles, where evoking electrically induced vestibular reflexes depends on the presence of two factors: 1) that vestibular information is relevant to the postural control task (Britton et al. 1993; Fitzpatrick et al. 1994) and 2) that the motor behavior contributes to the control of posture (Luu et al. 2012) . Despite neither factor being present in our head-fixed condition, the VCR was present in the neck muscles we examined provided the muscle was active. Our results thus parallel the observations of Welgampola and Colebatch (2001) , who found that VCR responses are unaffected by additional sensory feedback (vision and touch) or variations in stance width, and expand these prior findings by showing that they hold even when the head is restrained and the neck muscles are not required to maintain the upright postural control of the head.
Our results lead to a question of why this postural task dependence does not occur in neck muscles. One possible explanation is that the central nervous system (CNS) is unable to parse for neck muscles the two factors (i.e., irrelevance of both vestibular information and motor behavior on postural control) that seem to permit vestibular suppression in lower limb muscles. This explanation, however, seems unlikely given that vestibular information undergoes complex and selective processing in the vestibular nuclei to dissociate self-generated from passively applied head motion (McCrea et al. 1999; Cullen 2002, 2004) prior to transmission to neck motoneurons. The results of the present study therefore imply that unsuppressed vestibular input to neck muscles contributes to their control, regardless of the necessity to control the posture of the head on the torso. From an engineering perspective, a preserved vestibular input to neck muscles seems logical given the VCR's closed-loop nature, in which its output, i.e., neck muscle-driven head motion, directly affects the subsequent vestibular input. This tight coupling ensures a highly effective response in the event that stabilization of the head-neck is compromised and a sudden compensatory response is necessary. Furthermore, the reversal in cumulant density polarity across bilateral muscles indicates a neck system response that is coordinated to counter the perceived roll motion induced by the electrical stimulus, whereby muscles on the right are initially facilitated and then inhibited whereas muscles on the left are initially inhibited and then facilitated.
A robust vestibular input to neck muscles would further provide advantages for complex motor behaviors such as rapid -2d) . A: pooled (n ϭ 8, r-SCM; n ϭ 7, l-SPL) coherence plots. Pooled coherences (n ϭ 3) for l-SPL using data from 3 subjects are included as an inset to detail high-frequency coherence for these subjects. Horizontal dashed lines indicate 95% confidence limits. B: DoC test comparing key combinations of descending motor command. Horizontal dashed lines represent significance level for the 2 -distribution (P ϭ 0.05). C: pooled (n ϭ 8, r-SCM; n ϭ 7, l-SPL) cumulant density estimate showing a triphasic r-SCM and a biphasic l-SPL response. Pooled cumulant density estimates (n ϭ 3) for l-SPL using data from 3 subjects are included as an insets to detail the additional short-latency biphasic waveform for these subjects. Horizontal dashed lines represent 95% confidence interval. YAW, yaw moment; FLEX, flexion force; EXT, extension force; CC, cocontraction. gaze shifts, which are generated via a coordinated activation of neck and extraocular muscles (Guitton 1992) . For example, when humans transition to a state in which vestibular information becomes relevant to the postural control task, the CNS takes ϳ900 ms to reassociate the balancing task with postural activity and generate lower-limb muscle contributions in response to the ongoing vestibular perturbations (Luu et al. 2012) . Certainly, if vestibular control of neck muscles depended upon the postural task, then such large delays to reestablish vestibular control would impair rapid head-eye gaze shifts during head perturbations. Our results parallel the response of VORs to electrical vestibular stimulation, where reflexes are generated regardless of the postural control requirement or functional state of the head and body (Aw et al. 2006) . Considering that neck and oculomotor systems receive similar descending input from the superior colliculus (Corneil et al. 2002; Freedman et al. 1996) and the frontal eye fields (Elsley et al. 2007; Knight and Fuchs 2007; Monteon et al. 2010; Tu and Keating 2000) , it seems plausible that these two systems have evolved together to generate vestibulomuscular responses that do not depend on their functional state.
Our results showed a significant decrease in peak-to-peak amplitude of l-SPL but not r-SCM, with head support (see Fig.  5 ). This effect was attributed to a decrease in low-frequency coherence that was observed in both r-SCM and l-SPL muscles. It was also confirmed in a subset of three subjects who demonstrated an additional short-latency l-SPL waveform, where only the longer-latency, and presumably low-frequency, peak-to-peak amplitude appeared to be affected by head fixation. The presence of this effect in the l-SPL only is therefore likely due to the dominance of low frequencies in generating the later muscle response (Dakin et al. 2011) and not necessarily a difference in the vestibular control between these two muscles. Regardless of how the effect is observed in each neck muscle, vestibular control of the neck muscles was present (although showing minimal inhibition for the later response) when the head was restrained.
Descending motor commands can modulate vestibulocollic reflexes. In both the SCM and SPL muscles, the magnitude of the VCR did not change across focal neck muscle contraction tasks used to generate forces/moments in different directions, although the responses were absent in muscles not contributing to the focal task. Together with the observed VCR in all muscles during the cocontraction tasks, these results indicate that an electrically evoked VCR is observed only in the presence of neck muscle activity and is not influenced by the descending motor command or synergies generating muscle activity during focal tasks. With the exception of cocontraction, the VCR remained intact regardless of the combination of neck muscles contributing the output forces and moments. This further highlights the flexibility in neck muscle control where activation of a group of muscles does not have strong reciprocal connection to other muscles. The observation that the VCR response remained below significance in quiescent muscles could arguably be a result of recurrent inhibition from antagonist muscles. Although we did not measure VCR during a purely relaxed state, and therefore cannot directly eliminate this possibility, our results are similar to observations by , who reported a linear relationship between reflex magnitude and background muscle activity with a zero intercept. In their "relaxed" conditions, subjects were lying semireclined with their head supported.
The scaling of neck vestibular responses, which is also observed in lower limb muscles (Fitzpatrick et al. 1994) , is argued to be similar to the scaling of muscle stretch reflexes (Colebatch and Rothwell 2004) . Muscles undergo "automatic gain compensation" to generate a muscle activation appropriate reflex response (Marsden et al. 1976; Matthews 1986 ). In contrast, neck muscles responses are measured during whole body and head-only transient perturbations in which neck muscles are relaxed prior to the onset of the perturbation (Aoki et al. 2001; Ito et al. 1995) . The need for background neck muscle activity to elicit a reflex to an electrical vestibular input is therefore most likely related to the weak electrical stimulus used in our study (Ϯ5 mA over a 75-Hz bandwidth). The head motion equivalent of a 1-mA constant current is ϳ1-6°/s with an acceleration of ϳ0.33-3°/s 2 (Day and Cole 2002; Fitzpatrick et al. 2002; Schneider et al. 2002) . These motion equivalents are well below peak head rotational velocities and accelerations recorded during dynamic equilibrium tasks (Ͼ25°/s and Ͼ400°/s 2 ; Pozzo et al. 1995) , locomotor tasks (Ͼ30°/s; Grossman et al. 1988; Hirasaki et al. 1999 When subjects cocontracted their neck muscles, however, both VCR measures (coherence and cumulant density) decreased in the r-SCM neck muscle compared with directionspecific contractions. These variations were not attributed to changes in the magnitude of neck muscle contractions, since muscle activity was confirmed to be similar across all conditions. While the inhibition of VCRs during neck muscle cocontraction was unexpected, it may function to facilitate headon-torso stabilization. Muscle cocontraction contributes to spinal stabilization by increasing stiffness (Gardner-Morse and Stokes 1998; Granata and Orishimo 2001; Lee et al. 2006) and is used during unpredictable whole body perturbations (DannaDos-Santos et al. 2007 ). However, because vestibular reflexes respond in a direction opposing the global head movement (Baker et al. 1985; Ezure et al. 1978; Goldberg and Peterson 1986; Wilson et al. 1990 ), a large response originating from vestibular reflexes during neck muscle cocontraction while perturbing the torso would be detrimental to head-on-torso stabilization. This behavior is similar to the decrease in H reflexes during the cocontraction of muscles acting on limb joints, which is facilitated through increased presynaptic and disynaptic reciprocal Ia inhibition Kagamihara 1992, 1993) . Such a mechanism may also function to ensure neck spinal stabilization during conditions requiring neck muscle cocontraction, and may be particularly relevant in light of our first observation that VCR is present even when vestibular information is irrelevant and there is no longer a necessity to maintain the upright orientation of the head.
The two primary outcomes of our study are seemingly at odds with each other: a retained VCR regardless of the postural requirement of the task indicates a lack of central control, while a reduced VCR during cocontraction indicates at least partial influence of central mechanisms. Welgampola and Colebatch (2001) argued that postural task irrelevance in neck muscles may be due to the short-latency three-neuron reflex arcs mediating the VCR (Shinoda et al. 2006; Wilson and Maeda 1974; Wilson and Yoshida 1969b) , whereas limb vestibulomuscular responses are mediated by polysynaptic pathways having significant central conduction delays (Ali et al. 2003; Britton et al. 1993) . However, the more complicated polysynaptic circuitry contributing to the VCR response (Ezure et al. 1978; Ezure and Sasaki 1978; Peterson et al. 1980; Thomson et al. 1995) may be subject to descending and central control (Wilson and Yoshida 1969a) , and could therefore be responsible for the modulation of vestibular reflexes observed during muscle cocontraction. Considering that interneurons and commissural neurons in midcervical segments receive monosynaptic input from vestibulospinal neurons (Alstermark et al. 1987; Rose et al. 1992; Schor et al. 1986; Sugiuchi et al. 1995) , it is plausible that presynaptic mechanisms shape the VCR responses based on the ongoing motor command (Bussieres and Dubuc 1992; Pflieger and Dubuc 2004) . The motor commands generating neck muscle synergies are thought to be controlled by equivalent innervation of vestibulospinal and reticulospinal neurons on functional sets of neck muscles (Kakei et al. 1994; Sugiuchi et al. 2004 ). These characteristics therefore argue for a specific cocontraction motor command, mediated by reticulospinal input that may function to inhibit descending vestibular signals. This is supported by the interaction between these two pathways: vestibular stimulation elicits excitatory and inhibitory responses in reticulospinal neurons (Peterson and Felpel 1971) , and reticulospinal signals converge on spinal interneurons and commissural interneurons that mediate vestibular signals (Alstermark et al. 1987; Krutki et al. 2003) . The absence of variation between the isometric focal contraction trials (yaw vs. flexion vs. extension) indicates a cocontraction-specific inhibition mechanism.
Study limitations. A limitation regarding the interpretation of this study was the variability of responses across subjects in the SPL muscle. Within one group of subjects (n ϭ 4), the effect of cocontraction was limited to the SCM muscle (extending across a wide range of frequencies) while the SPL demonstrated no high-frequency coupling regardless of contraction condition. In the remaining subjects (n ϭ 3), however, highfrequency coupling between SVS and SPL muscle activity, similar to the SCM, was observed along with evidence of cocontraction modulation in the SPL pooled response. These between-subject variations in the VCR frequency response of the SPL may be partly due to neural control mechanisms that vary between subjects for that muscle (Blouin et al. 2007; Keshner et al. 1989) . Although the latter observations may further indicate that cocontraction affects primarily the high frequencies of the vestibular reflex in neck muscles, this could not be confirmed statistically on account of the low number of subjects presenting the high-frequency SPL responses.
Conclusions. The present study has shown that vestibular reflexes in neck muscles are retained during conditions in which there is no longer a requirement to balance the head and vestibular information is no longer directly relevant to neck muscle postural control. In addition, VCR magnitudes decrease, but are not completely suppressed, during neck muscle cocontraction relative to isometric neck muscle contractions generating a specific moment. However, VCRs evoked by electrical vestibular stimulation are only found in active muscles. Together, these findings indicate a robust vestibular influence over active neck muscles with cocontraction taskdependent variations that may function to ensure neck spinal stabilization.
